The present study was performed to evaluate the ability of fosfomycin, a broad-spectrum antibiotic, to penetrate into abscess fluid. Twelve patients scheduled for surgical or computer tomography-guided abscess drainage received a single intravenous dose of 8 g of fosfomycin. The fosfomycin concentrations in plasma over time and in pus upon drainage were determined. A pharmacokinetic model was developed to estimate the concentration-time profile of fosfomycin in pus. Individual fosfomycin concentrations in abscess fluid at drainage varied substantially, ranging from below the limit of detection up to 168 mg/liter. The fosfomycin concentrations in pus of the study population correlated neither with plasma levels nor with the individual ratios of abscess surface area to volume. This finding was attributed to highly variable abscess permeability. The average concentration in pus was calculated to be 182 ؎ 64 mg/liter at steady state, exceeding the MIC 50/90 s of several bacterial species which are commonly involved in abscess formation, such as streptococci, staphylococci, and Escherichia coli. Hereby, the exceptionally long mean half-life of fosfomycin of 32 ؎ 39 h in abscess fluid may favor its antimicrobial effect because fosfomycin exerts time-dependent killing. After an initial loading dose of 10 to 12 g, fosfomycin should be administered at doses of 8 g three times per day to reach sufficient concentrations in abscess fluid and plasma. Applying this dosing regimen, fosfomycin levels in abscess fluid are expected to be effective after multiple doses in most patients.
Extensive research in the field of abscess treatment has established a claim for invasive drainage as the most efficient means of resolving suppurative lesions (7, 13, 30, 31) . In particular, computer tomography-guided percutaneous abscess drainage has repeatedly been reported to be advantageous (31) compared to other invasive methods (13) . However, application of the percutaneous interventional method is subject to some limitations. Coagulation abnormalities are considered a contraindication (7) , and the absence of a safe anatomic access route, the presence of fistulas, severe inflammation of organs, or patients with advanced age have likewise been linked to low success rates of percutaneous abscess drainage (13, 30) . From these considerations, it becomes evident that percutaneous and surgical abscess drainage alone will not entail satisfactory results in a number of patients suffering from abscess-related disease (30) .
On the other hand, there is a substantial record of the benefit of antibiotic administration before (19) , during (30) , and after (32) drainage. Moreover, abscesses of different locations and origins have been efficiently cured with systemic anti-infective chemotherapy alone (12, 23, 29, 35) . Factors challenging the antibiotic treatment of suppurative lesions include hard penetrability of the fibrous abscess capsule or degradation of the antibiotic by bacteria (5) . Adverse physicochemical conditions, such as high protein binding, anaerobic environment, and low pH, as well as the high variety of pathogens in abscess fluid are claimed responsible for the failure of parenteral antibiotics to eradicate bacteria within suppurative lesions (3, 10, 16, 20) . Therefore, it is eminent for the overall outcome of patients to select an appropriate antibiotic for abscess treatment. Substances considered suitable are characterized by high antibacterial activity against pathogens most commonly isolated from suppurative lesions and by high concentrations in abscess fluid.
Fosfomycin is a broad-spectrum antibiotic with a wide therapeutic range (14) and characteristic pharmacological properties. Fosfomycin penetrates excellently into various tissues (9, 14, 18, 21) and cerebrospinal fluid (14, 27) and is frequently administered in combination with other antimicrobial agents in Europe to combat severe bacterial infections. It exerts bactericidal activity under anaerobic conditions (17) , such as is the case within encapsulated purulent lesions, and has a negligible protein binding. These characteristics constituted the rationale for choosing fosfomycin in the present study (6, 14) .
Thus, the present explorative study was performed to evaluate whether fosfomycin penetrates into suppurative lesions reaching sufficient concentrations to eradicate clinically relevant bacteria in abscess fluid. In addition, we tested the hypothesis of a correlation between the A a /V a and drug concentration in the abscess fluid (5).
MATERIALS AND METHODS

Abbreviations.
The following abbreviations are used in the text or tables; a subscript "a" or "p" indicates that an abbreviation refers to the abscess fluid or to the plasma compartment, respectively: C p , C a , fosfomycin concentration in plasma and in abscess fluid, respectively; C av(ss) , average concentration at steady state; PK, pharmacokinetic(s); LOD, limit of detection; V, volume of distribution; V ss , volume of distribution at steady state; AUC, total area under the concentration-time curve; AUC 0-6 , area under the concentration-time curve from 0 to 6 h from the start of infusion (6 h represents the study observation period); AUC 0-8 , area under the concentration-time curve from 0 to 8 h from the start of infusion (8 h represents the recommended dosing interval); AUC 0-12 , total area under the concentration-time curve from 0 to 12 h from the start of infusion (12 h represents the frequently applied dosing interval); t 1/2␤ , terminal half-life; T max , time to maximum concentration (after start of infusion); C max , maximum concentration; CL, fosfomycin clearance; CL CR , creatinine clearance; t i , time point of abscess incision (after start of infusion); C a (t i ), fosfomycin concentration in abscess fluid at the time of incision; V a , abscess volume; A a , abscess surface area; A a /V a , ratio of the abscess surface area to volume; P, permeability coefficient of the abscess membrane for fosfomycin; p, P value used to describe statistical significance (used for the result of the runs test); , dosing interval.
Study protocol. The study protocol was approved by the ethics committee of the Medical University of Vienna and was conducted in accordance with the Declaration of Helsinki (36) in its last revised version, the guidelines for Good Clinical Practice of the European Union (8) , and the Austrian drug law. All patients were informed in detail about the purpose, procedures, and risks of this prospective study. Prior to inclusion, an informed consent was signed by all patients. Concomitant therapy was not changed due to study procedures.
Patients. The study protocol designated the inclusion of 12 patients with documented abscess formation scheduled for surgical or computer tomographyguided drainage and a serum creatinine concentration below 1.5 mg/dl. This was based on the assumption that a number of 12 patients is sufficient to allow for an estimation of the extent of fosfomycin penetration into abscess fluid. The patients' demographic data are presented in Table 1 .
Study design. The fosfomycin concentrations in abscess fluid can be measured only at one time point in each patient, i.e., upon abscess drainage. To estimate the concentration-versus-time profile of fosfomycin in abscess fluid, two approaches were initially taken into consideration for PK analysis. First, abscess drainage and pus sampling were performed at different and predefined time points in the study patients, each contributing to an overall PK profile of fosfomycin in pus and referred to below as "study population PK approach."
More importantly, a second approach was developed which allows for the simulation of the concentration-versus-time profiles of fosfomycin in the abscess fluid from individual patients (see below) based on single-point measurements.
The study drug administration was started at predefined time points, i.e., 15, 45, 60, 90, 120, 240, and 360 min before the planned time of drainage. Eight grams of fosfomycin (Sandoz, Kundl, Austria) was dissolved in 200 ml Aqua bidestillata (Aqua bidest. Fresenius; Fresenius Pharma, Graz, Austria) and administered intravenously as a single dose over a period of approximately 30 min. Pus samples for the measurement of fosfomycin concentrations were collected upon drainage.
To determine concentrations of fosfomycin in plasma, blood samples were drawn via an intravenous catheter at defined intervals (baseline sample and 15, 30, 45, 60, 75, 105, 135, 180, 240, 300, and 360 min after the start of fosfomycin infusion) and at the time of abscess fluid sampling. Plasma was obtained by centrifugation (Rotanta; Hettich, Bäch, Switzerland) of blood at 1,360 ϫ g per min for 10 min. Plasma and pus samples were stored at Ϫ80°C until analysis.
Determination of fosfomycin. Fosfomycin concentrations in plasma and pus samples were determined by a capillary zone electrophoresis method recently described (25, 26) . In brief, proteins and cell debris of both plasma and pus samples were removed by methanol precipitation. After centrifugation, an aliquot of the supernatant was analyzed with a 3D CE apparatus (Agilent Technologies, Palo Alto, CA). Separation was achieved with an extended light path fused silica capillary (length, 64 cm; inner diameter, 50 m) at Ϫ25 kV. Analyses were performed in a background electrolyte consisting of 25 mM benzoic acid and 0.5 mM cetyltrimethylammonium bromide to reverse the electro-osmotic flow. The pH was adjusted with Tris to 6.95 for plasma samples and 7.25 for pus samples. Indirect UV detection was carried out with a photodiode array detector operating at 254 nm.
The reference specimens (blank pus and plasma) used for method validation were pooled from patients who were not on fosfomycin therapy. The accuracy and precision of the method was determined by analyzing plain plasma or pus samples spiked at three different fosfomycin concentrations (10, 100, and 300 mg/liter) in triplicate on three different days. Accuracy was between 90.6 and 101.2% for plasma and 75 to 102% for pus samples. Precision was better than 12% relative standard deviation. The calibration line was constructed by external calibration with the aid of the spiked samples. Based on a signal-to-noise ratio of 3, the achieved LODs were 0.86 and 4.5 mg/liter for plasma and pus samples, respectively. The higher LODs in pus than in plasma are attributed to considerably higher noise levels owing to the inhomogeneity of pus samples. However, the LODs were considered sufficiently sensitive for the present study because the MIC 50/90 s of clinically relevant bacterial species were reported to range between 12 and 128 mg/liter (14, 22, 24) .
Determination of abscess surface area and volume. The imaging of the abscesses was done either with computed tomography (n ϭ 8) (Somatom Sensation 16; Siemens, Erlangen, Germany), magnetic resonance tomography (n ϭ 2) (Magnetom Open Viva; Siemens, Erlangen, Germany), or ultrasound (n ϭ 5) (HDI 5000; Koninklijke Philips Electronics, Eindhoven, The Netherlands). For abscesses of globular or ellipsoid configuration, the measurements were performed as follows. On computed and magnetic resonance tomography images, the largest diameter, a (x axis), of the abscess was determined by using multiplanar reconstructions. Then another set of multiplanar reconstructions was created perpendicular to the x axis, and the largest diameter, b, in the y axis was aac.asm.org measured. The z axis was measured perpendicular to the y axis in the same plane, and the largest diameter, c, was determined. Using the ultrasound imaging method, the largest diameter (x axis) was evaluated and measured directly during the examination. Then the abscess was imaged in the plane perpendicular to the x axis, and the largest diameters of the y axis and, consecutively, of the z axis were imaged and measured. The volume of an abscess was calculated with the ellipsoid volume formula (V a ϭ 4/3 · · a · b · c). The surface area was calculated with the ellipsoid surface area approximation formula derived from a scientific website (http://home.att.net/ϳnumericana /answer/ellipsoid.htm) with
1/p , where p is 1.605 and the relative error is 1.061% for the worst case scenario.
For irregularly configured abscesses, the calculations were performed by using a commercially available tool (Leonardo Workstation; Siemens) for the analysis of computer tomography images.
Pharmacokinetic analysis. Pharmacokinetic analysis was based on the following assumptions. (i) The PK of fosfomycin in plasma can be described by a two-compartment model (14) . (ii) Abscess fluid represents a third, hardly accessible compartment which slowly equilibrates with plasma. (iii) Abscess fluid is regarded as a homogenous compartment, neglecting possible fosfomycin concentration gradients within pus; the degradation of fosfomycin in abscess fluid is not taken into consideration. (iv) Equilibration and elimination processes between compartments follow first-order kinetics, and there are no active transport mechanisms for fosfomycin between compartments. (v) Drug flow from plasma to abscess fluid or vice versa is directly proportional to (a) the surface area of the abscess, (b) the drug concentration gradient between these compartments, and (c) the permeability of the abscess capsule for the drug (4). (vi) The PK of fosfomycin in plasma is not significantly influenced by the drug amounts penetrating to or from abscess fluid.
To describe abscess fluid pharmacokinetics of fosfomycin, the differential equation established by Barza and Cuchural (5) was applied:
C p (t) was obtained by fitting a linear two-compartment pharmacokinetic model for intravenous administration to the measured plasma concentration data of fosfomycin by using
and
where T is the duration of infusion and A, B, ␣, and ␤ are the corresponding macro constants. The parameters A, B, ␣, and ␤ were estimated by fitting the pharmacokinetic model to the plasma concentration data of fosfomycin. The weighted residual sum of squares (WRSS) was calculated as
and was minimized (method of nonlinear least squares) using the lsqnonlin function of the Optimization Toolbox of MATLAB (Mathworks, Natick, MA). C p obs (t j ) is the observed plasma concentration of fosfomycin at time point t j , and C p (t j ) is the predicted plasma concentration of fosfomycin at time point t j . n is the number of observed concentrations per patient. The weighting factor, w j , was set to 1/[C p obs (t j )] 2 . Goodness-of-fit was assessed by visual inspection of plots of observed and predicted plasma concentrations, by looking at the correlation between observed and predicted concentrations, and finally, by the randomness of the residuals (runs test). By use of the macro constants A, B, ␣, and ␤, the values of the parameters V, V ss , AUC p , t 1/2␤, p , and CL were calculated by standard equations.
From each patient, only one pus sample was available for the measurement of the fosfomycin concentration. The differential equation of the model for fosfomycin with an initial concentration of zero C a (0) ϭ 0 (equation 1) was solved by means of the Symbolic Math Toolbox function of MATLAB. The P of each abscess was estimated by adjusting the symbolic solution of equation 1 by direct search to the fosfomycin concentration C a (t i ) measured in the abscess fluid at the time of abscess drainage. For one patient, the individual plasma PK was not available. For this particular patient, the mean plasma PK data derived from the remaining patients were applied for solving equation 1.
The AUC of fosfomycin for abscess fluid was estimated by numerical integration of C a (t) using the quad function of MATLAB (adaptive Simpson method), and the t 1/2␤ in abscess fluid was evaluated by fitting a monoexponential function, C · e (Ϫ␤ · t) , at the terminal slope of C a (t). The time of the maximum fosfomycin concentration in abscess fluid was calculated by determining the zeros of dC a (t)/dt by means of the fzero function of MATLAB. The mean concentration in abscess fluid at steady state [C av(ss),a ] was calculated as
Simulation of multiple dosing. To assess the fosfomycin concentrations that may be achieved in abscess fluid after multiple dosing of fosfomycin, equation 1 was solved symbolically for C a (t) for each of 8 h. Hereby, C p (t) was set to the time course of the drug concentrations in plasma in a two-compartment, linear pharmacokinetic model with short-time infusion (30 min) and multiple dosing, using the PK parameters estimated from fosfomycin plasma data. The respective initial condition for equation 1 at the start of each dosing interval, C a (t ϭ n), was set to the already calculated abscess concentration at the end of the preceding dosing interval. PK profiles in plasma and abscess fluid are depicted for the patients with the lowest, median, and highest maximum concentrations of fosfomycin in abscess fluid (C max,a ). Hereby, only patients with a C max,a above the LOD were considered.
Creatinine clearance. The CL CR for male patients was estimated by the formula of Cockcroft and Gault [(140 Ϫ age) ϫ weight]/[72 ϫ C creatinine in plasma ] (reviewed in reference 34). For female patients, this value was multiplied by 0.85.
Statistics. The Spearman coefficient of correlation was applied for analysis of the relationship between PK parameters. Statistical calculations were performed using the SPSS 11.5.1 software, a p value of Ͻ0.05 was considered significant. Values are presented as means Ϯ standard deviations.
RESULTS
The present study was carried out between February 2003
and May 2004 to determine fosfomycin concentrations in abscess fluid from 12 patients. Six study patients had to be replaced, owing to inadequate availability of purulent material due to admixture of blood to pus or small quantity or absence of pus. One of the patients had two abscesses which were handled separately. Fosfomycin was well tolerated, and no serious adverse event occurred.
After a single intravenous dose of 8 g of fosfomycin, interventional abscess drainage was performed at time points ranging from 17 to 220 min after the start of infusion. For most patients, the time period between fosfomycin infusion and abscess drainage deviated from those defined in the study protocol because the performance of surgical or computer tomography-guided drainage was brought forward or delayed in dependence on the working capacities available or other unexpected events that occur in routine clinical patient care.
The fitted plasma PK profiles are shown in Fig. 1 . The correlation between observed and predicted plasma concentrations was high (r 2 Ͼ 0.98). Plots of the residuals versus time showed a random scatter around the predicted concentrations. Randomness was confirmed by a runs test (p ϭ 0.69 Ϯ 0.21).
The observed fosfomycin concentrations in abscess fluid varied substantially between individuals (Fig. 1) , ranging from below the LOD up to 168 mg/liter. When presenting all individual abscess concentrations of fosfomycin in a single plot, a sawtooth time-versus-concentration profile is obtained (Fig. 1) , even if accounting for individual A a , V a , and plasma PK (data not shown). Therefore, this study population PK approach was considered inadequate to obtain useful information, and the concentration-versus-time curves of fosfomycin in abscess fluid were calculated and simulated for the individual patients by use of the single-point measurements (Fig. 1) . The PK parameters calculated for plasma and abscess fluid are presented in Tables 2 and 3 , respectively. Hereby, it turned out that the values computed for P had, by far, the highest variability among the presented parameters (see ranges in Table 3 ).
In the study population, there was no evidence of a relationship between C max,a and the ratio of A a /V a , nor between AUC 0-6,a and the ratio of A a /V a (data not shown). Further analysis, including a correction of PK data according to individual body weight, did not show any relationship between relevant plasma and abscess PK parameters (data not shown). In contrast, there was a good correlation between the values computed for P and C max,a (r ϭ 0.96, p Ͻ 0.01) and for P and AUC 0-6/8/12,a (r Ͼ 0.9; p Ͻ 0.01).
To evaluate how fosfomycin concentrations in abscess fluid may change after administration of multiple doses, a computer simulation of abscess PK was performed using a of 8 h. Figure 2 shows these simulations for the three patients with the lowest, the median and the highest C max,a .
DISCUSSION
Risks linked to interventional abscess drainage have increased the importance of anti-infective chemotherapeutics in bridging patients to more stable conditions. Fosfomycin was chosen for this study due to its excellent tissue penetration properties, low plasma protein binding, and increased bactericidal activity under anaerobic conditions (9, 14, 15, 18, 21) . The study was performed in a representative patient population, with high variability in body weight and abscess size and origin, to evaluate the ability of fosfomycin to penetrate into abscess fluid.
A key finding of the present study was that no relationship was detected between relevant plasma and abscess PK parameters (i.e., AUC 0-6/8/12 , C max ). However, significant correlations were observed between calculated P and C max,a as well as between P and AUC 0-6/8/12,a in abscess fluid. This is not surprising considering that fosfomycin concentrations in pus are dependent on P, the ratio of A a /V a , and C p (t) in the applied model. While, C a (t i ), A a /V a , and C p (t) were directly measured, P was estimated from these parameters. As P turned out to be the parameter with the highest variability, ranging from 2.0 ϫ 10 Ϫ9 to 1.3 ϫ 10 Ϫ3 cm · s Ϫ1 , it surpassed the other variables regarding impact on fosfomycin concentrations in pus. It needs to be mentioned here that the PK profiles of fosfomycin in abscess fluid were simulated on the basis of single-point measurements. Thus, the data calculated by use of the present simulation need to be verified in subsequent clinical studies.
Nevertheless, the present study proved that there is a high interindividual variability in the penetrability of abscesses and showed that permeability can be considered the parameter most strongly influencing the PK of fosfomycin in abscess fluid. Morphological or anatomical barriers of the abscess can be considered particularly important in the drug penetration process. Since abscess morphology is best described as consisting of an outer collagen wall, an inner layer of leukocytes, and a central area of necrotic debris (3), the thickness of the abscess wall, the viscosity of the bodily fluids inside and outside the capsule, and the coefficient of diffusion are considered highly eminent (5) . Also, the constitution of the abscess wall and, consequently, its permeability are believed to vary dependent on the duration of infection and the stage of encapsulation (11) . Finally, the degree of vascularization of the surrounding tissue interferes with the penetration of a drug from plasma into abscess fluid and vice versa. Considering these numerous factors, it becomes evident that there is little chance of predicting fosfomycin abscess penetration from the information which is available to the physician in a medical routine setting.
To assess the clinical impact of the highly variable levels of fosfomycin in abscess fluid, the concentrations in pus should be related to the MIC 50/90 s, which have been reported to range from 12 to 128 mg/liter for relevant bacterial species (14, 22, 24) . Given an 8-g dosing regimen and a dosing interval of 8 h, the C av(ss),a was calculated to be 182 Ϯ 64 mg/liter (Table 3) . Thus, there is circumstantial evidence that concentrations above relevant MICs can be achieved in abscess fluid at steady state. However, antimicrobially effective levels of fosfomycin in pus may be reached with a significant or critical delay in abscesses with low P. On the other hand, the extensively prolonged half-life of fosfomycin with sustained concentrations in pus will be favorable in some patients, as fosfomycin exerts time-dependent bacterial killing (15) .
In an attempt to overcome the penetration barriers of abscesses, high levels in plasma should be attained because the gradient from C p to C a is the driving force and the only influenceable factor in increasing absolute drug transport from plasma to pus. According to standard PK equations, a C av(ss) of fosfomycin of 150 mg · liter Ϫ1 may be reached in plasma and most likely also in abscess fluid by administration of an initial loading dose of 10 to 12 g and a maintaining dose of about 8 g at intervals of 8 h. However, in patients with a CL CR below 40 ml · min Ϫ1 , the maintenance dose should be reduced in accordance with the manufacturer's recommendations while keeping the loading dose unaffected. The exceptionally long halflife of fosfomycin in abscess fluid of 32 Ϯ 39 h implicates minimal fluctuations of fosfomycin concentrations in pus, suggesting that continuous infusion would not be advantageous compared to intermittent dosing regimens from the microbiologic point of view and with respect to the patient's comfort.
Finally, it is of interest to note that abscess development usually involves distinct bacteria such as staphylococci, streptococci, and Escherichia coli. These bacteria frequently cause purulent infections and are largely susceptible to fosfomycin (24) . In contrast, Bacteroides fragilis, casually causative for intra-abdominal infections, and other anaerobic bacteria display natural resistance to fosfomycin (24) . Thus, it may be advisable to combine fosfomycin with other antimicrobial agents (24) active against anaerobic bacteria. Since therapeutic levels of fluoroquinolones and beta-lactams have also been detected in abscess fluid (1, 2, 28, 33, 37 ) and synergistic effects of these a One patient had two abscesses. b In three pus samples, the C a (t i ) was less than the LOD. Parameters are presented only for patients for whom the C a (t i ) was greater than the LOD and whose terminal slope included at least three data points (n ϭ 6).
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at Penn State Univ on April 17, 2008 aac.asm.org drugs with fosfomycin (14) were reported, they also appear eligible for the combined administration. In summary, there is a very high interindividual variability in the PK of fosfomycin in pus due to highly variable abscess permeability. In most patients, the concentration of fosfomycin in abscess fluid is expected to exceed the MIC 50/90 s of several relevant bacteria after multiple doses. An initial loading dose of 10 to 12 g and a maintenance dose of approximately 8 g fosfomycin three times per day appear advisable to achieve antimicrobially active concentrations in plasma and abscess fluid. However, the validity and robustness of the applied model to estimate the concentration-versus-time profiles in abscess fluid should be verified by additional clinical studies using multiple doses. 
